Abstract-In order to estimate total mercury (Hg T ) loads entering San Francisco Bay, USA, via the Sacramento-San Joaquin River system, unfiltered water samples were collected between January 2002 and January 2006 during high flow events and analyzed for Hg T . Unfiltered Hg T concentrations ranged from 3.2 to 75 ng/L and showed a strong correlation (r 2 5 0.8, p , 0.001, n 5 78) to suspended sediment concentrations (SSC). During infrequent large floods, Hg T concentrations relative to SSC were approximately twice as high as observed during smaller floods. This difference indicates the transport of more Hg-contaminated particles during high discharge events. Daily Hg T loads in the Sacramento-San Joaquin River at Mallard Island ranged from below the limit of detection to 35 kg. Annual Hg T loads varied from 61 6 22 kg (n 5 5) in water year (WY) 2002 to 470 6 170 kg (n 5 25) in WY 2006. The data collected will assist in understanding the long-term recovery of San Francisco Bay from Hg contamination and in implementing the Hg total maximum daily load, the long-term cleanup plan for Hg in the Bay.
INTRODUCTION

Background
Management of mercury (Hg) contamination in large, complex aquatic systems, such as San Francisco Bay, USA, often requires accurate and precise measurements of Hg loads. Because of recent efforts to calculate the maximum amount of total mercury (Hg T ) that can enter San Francisco Bay while still meeting water quality guidelines (http://www.waterboards.ca.gov/ sanfranciscobay/water_issues/programs/TMDLs/sfbaymercurytmdl. shtml), environmental managers have placed a priority on obtaining accurate measurements of Hg loads from the Sacramento-San Joaquin Valley. The Sacramento-San Joaquin River system is impacted by local to regional Hg contamination from historic gold mining and Hg mining [1, 2] as well as atmospheric Hg contamination from regional to global sources [3] . The current management approach is based on the premise that Hg T reductions will result in reduced concentrations of methylmercury entering the food web. While this premise is considered to be generally true, it is also known that the factors controlling Hg methylation, such as the bioavailable fraction of Hg T and the factors controlling activity of methylating bacteria, can vary substantially [4] . For example, there are large deposits of cinnabar, meta-cinnabar, and elemental Hg in the study area, which could enhance Hg T loads in rivers, but these forms of Hg are not that bioavailable [5] . Nonetheless, assessment of Hg T loads is an appropriate starting point in remediation efforts.
Watershed description
San Francisco Bay is a group of interconnected bays located on the Central Coast of California, USA (Fig. 1 ).
Numerous small tributaries drain the Coast Range around the margin of the Bay, representing a watershed area of approximately 6,650 km 2 [6] . However, regarding size and discharge, these tributaries are minor compared to the Sacramento and San Joaquin river watersheds that together drain 154,000 km 2 (,37% of the state of California). Even during storm events, discharge contribution from the San Joaquin River to the Delta represents only approximately 10% of the flow from the Sacramento River, Yolo Bypass, and other associated tributaries (http://wayback.archive-it.org/754/ 20070615194345/).
The Sacramento River is the 96th largest river system in the world based on average annual discharge [7] . The River is also the largest source of freshwater to San Francisco Bay, the largest estuary on the west coast of North America. With an estimated population of 2,800,000 and a rapid increase in population of over 10% over the past five years (http://quickfacts.census.gov/ qfd/states/06/06103.html), the Sacramento Valley is the most populated area within the River watershed. This area also supports an extensive and diverse agriculture, which accounts for the greatest water use in the watershed. The Sacramento River stretches approximately 650 km from its headwaters near Mount Shasta in northern California through the Sacramento-San Joaquin River Delta to San Francisco Bay. With 432 dams that have been built within the watershed over the past 50 years, the Sacramento River's hydrology is extremely modified. It currently has an average annual flow of 25,000 3 10 6 m 3 and an annual average suspended sediment load of 1 3 10 6 t [8] . Precipitation in central California is winter dominated, with 94% of the annual precipitation historically occurring in Sacramento between October and April (http://www.wrcc.dri. edu/cgi-bin/cliMAIN.pl?ca7630). The largest runoff events typically occur in January, February, or March. During these large runoff events, water spills over weirs from the Sacramento River into the Yolo Bypass ( Fig. 1) when discharge exceeds 1,980 m 3 /s. The Bypass provides flood protection for the city of Sacramento by diverting water through a floodplain. During years of very high river discharge, such as the El Niñ o event of 1998, as much as 85% of the total flow of the Sacramento River is channeled through the Yolo Bypass. Before it flows back into the Sacramento River near Rio Vista, the Bypass receives additional flow from several tributaries draining the Coast Range Mountains, an area known for historic Hg mining and environmental Hg contamination [9] . One of these tributaries, Cache Creek, has Hg concentrations in water exceeding 250 ng/L and in bed sediment exceeding 500 ng/g dry weight [9] .
Rationale for the present study Particle-bound contaminants that are known to cause toxicological impacts to humans and wildlife in the river delta, the Bay, and the coastal ocean of California include Hg, polychlorinated biphenyls, and others [10, 11] . Mercury poses a water quality problem for the Sacramento River, both in terms of impact on the riparian ecosystem and as a principal source of Hg to the Delta region and San Francisco Bay [9, 12, 13] . San Francisco Bay has been listed as impaired by the State of California for Hg and a range of other contaminants as defined by section 303(d) of the U.S. Clean Water Act since the early 1990s. The main concern for Hg in the Bay is primarily due to elevated concentrations in fish consumed by humans and wildlife [12] . Accordingly, fish consumption advisories have been issued for San Francisco Bay and the SacramentoSan Joaquin River Delta (http://www.oehha.ca.gov/fish/ general/sfbaydelta.html).
Even though a few studies reported Hg concentrations throughout the Sacramento River Basin [9, 14] , long-term monitoring data from the Sacramento-San Joaquin River system and Hg T loads were not previously quantified. Consequently, to assess fluvial transport of Hg T to San Francisco Bay, loads from the Sacramento River watershed, including the contribution of flow from the Yolo Bypass, were studied during high flow events.
METHODS
Parameters measured
Sacramento River discharge has been estimated daily since water year (WY; a water year begins October 1st and ends September 30th of the following year) 1930 by the California Department of Water Resources (DWR). The DWR uses a water balance model, called Dayflow, to calculate a variety of inputs and outputs relevant to the management of the California State Water Project. One of the output parameters is termed ''Delta outflow'' and is the best estimate of discharge from the Sacramento-San Joaquin River system on a daily basis. This measure of discharge was used to calculate the loads presented in the present study. Details of the Dayflow model structure and input and output data have been described by DWR (http://iep.water.ca.gov/dayflow/).
Suspended sediment concentrations (SSC) were measured in the Sacramento River at Mallard Island (38u02934.060N, 125u55912.480W, WGS 84) near Pittsburg, CA, USA ( Fig. 1) since WY 1995. Samples were collected approximately 1 m below the water surface at the end of a pier near a deep water ship channel. Automatic turbidity measurements were taken at 15-min intervals with a self-cleaning optical sensor managed by the U.S. Geological Survey (USGS). All data were retrieved using an automated data processing system and edited utilizing MATLABH software (The MathWorks) [15] . Turbidity data were converted to SSC using simple linear regression, as described elsewhere [15] . These data form an ideal basis for estimating Hg loads and were previously reported and used to develop new estimates of suspended sediment loads entering San Francisco Bay for WY 1995 to 2003 [8] . Direct determinations of suspended sediment concentrations were made using established methods [16] . Samples were collected in dry, particle-free, leak-proof 500 ml low-density polyethylene bottles. Samples were stored at room temperature for no longer than 10 d prior to analysis. Precision of the SSC measurements, based on field replicates, was less than 5% relative standard deviation.
Because of the high affinity of Hg T for particles, these SSC data represent an effective means for indirectly estimating Hg T loads. Partition coefficients (K d ) for Hg have been consistently reported as very high in San Francisco Bay [17, 18] and estuarine systems elsewhere [19, 20] . This observation was confirmed in the present study, with the log K d s in six samples collected at Mallard Island in 2002 to 2003 ranging from 5.1 to 5.3. As a result, Hg T concentrations were only measured in unfiltered water samples.
Sample collection
Water samples for analysis of unfiltered Hg T in Delta outflow were collected from the pier at Mallard Island and focused on high discharge periods during the five wet seasons of WYs 2002 to 2006, which were typically from December to May. One to three unfiltered water samples were collected per day to characterize Hg T variation in response to floods. Water samples were collected from approximately 0.25 to 1.0 m below the water surface adjacent to the pier using established trace metal clean techniques [21] [22] [23] [24] . Specialized sampling equipment was prepared and trace-metal clean handling techniques were followed. Unfiltered water samples were collected using a peristaltic pump fitted with C-Flex 
Sample analysis
Determination of Hg T in water samples was performed using standard methods [24, 27] . Samples were oxidized by amendment to 1% BrCl and allowed to oxidize as described above, then immediately before analysis the samples were prereduced using NH 2 OH-HCl. Analyses were then performed using tin chloride reduction, gold trap amalgamation, and quantification by cold vapor atomic fluorescence spectrophotometry.
Quality assurance
Quality assurance samples represented a minimum of 10% of each Hg T sample batch. The average minimum detection limit for Hg T over 11 d of analyses, calculated as three times the standard deviation of method blanks, was 0.15 ng/L Hg. Field and bottle blanks were statistically indistinguishable from analytical blanks ( p . 0.05, t test). Inorganic Hg(II) spike recoveries ranged from 83 to 105%, with a mean of 95% (n 5 24). The mean of the standard deviation of analytical triplicate and duplicate measurements was 0.34 ng/L Hg (n 5 63), representing a mean relative standard deviation of 5.7%. Field replicates were collected during each sampling season, with a mean percent difference between replicates of 7.3% (n 5 10) and with a standard deviation of 7.4%. Blank, spike, and replicate measurements indicated no measurable difference between samples or blanks kept in Teflon versus polyethylene terephthalate containers.
Calculation of Hg T loads
The Hg T loads were calculated using a modification of the methods originally developed for suspended sediment described by McKee et al. [8] . Briefly, Hg T concentrations were estimated for 15-min intervals using equations derived from simple linear regression for the relationship between SSC and unfiltered Hg T concentrations. Equations were developed for three different flow and salinity conditions: low flow and low salinity, low flow and high salinity, and high flow ( Fig. 2a and  b) . The regression equation utilized hourly electrical conductivity records available from DWR for Mallard Island (http:// cdec.water.ca.gov/cgi-progs/queryFx?s5mal). The relationship between unfiltered Hg T concentrations and SSC ( Fig. 2 ) was assumed to be constant over time. A similar relationship (0.35 mg/kg) was observed by Schoellhamer et al. [28] for a regression of Hg T versus SSC in Lower South San Francisco Bay. The higher slope for Lower South Bay is consistent with the history of contamination in this region, which receives runoff from the historic New Almaden Hg mining district.
Missing SSC data were estimated using linear interpolation. Most missing data occurred during low flows when only a very small portion of the annual load (average of 12%) is transported [8] . During WY 2006, SSC data were missing during an extended high flow period (March 20 to May 2, 2006) for which a regression equation (r 2 5 0.14, p , 0.0001, n 5 3,300) from the previous flood hydrograph was used to estimate sediment concentrations. Estimated 15-min Hg T concentrations were averaged for each day and combined with daily Delta outflow from the Dayflow model to derive daily advective loads of Hg T (g). Advective loads represent the contribution of mean flow and SSC, whereas dispersive loads result from the correlation of tidal velocity and SSC fluctuations. In strongly tidal environments, dispersive loads must also be quantified. A correction factor was applied to this daily advective Hg T load to account for dispersive load using the same method described for suspended sediment [8] . Dispersive load at this location is always landward; neglecting this would cause the load estimates to be biased high (seaward) [8] . The relative contributions of advective and dispersive components to the Hg T load were estimated using point velocity and concentration data at Mallard Island that were only available for a shorter period of record (WYs 1994 and 1996) . The relationship between the ratio of dispersive to advective load and Delta outflow was determined using the point velocity and SSC data over the range of flows encountered during these two WYs. The reasonable assumption was made that this relationship would be valid for other WYs [8] . Although dispersive load is small during high flow periods, it is substantial during the rest of the annual cycle when tidal flushing is dominant. The sum of dispersive and advective loads, therefore, culminated in an improved estimate of Hg T load. The method of Hg T loads estimation described above was applied to WYs 2002 to 2006 (the sampling period in which discrete Hg T measurements were made) and to WYs 1995 to 2001 (for which only discharge, SSC, and salinity data exist). Because no direct measurements of Hg T concentrations were made prior to October 1, 2001 , the estimates of Hg T loads for this period should be considered tentative.
Estimating material loads in fluvial systems requires a number of assumptions, and each term in the load calculation has an associated error. In general, the errors associated with load calculations are seldom reported in the hydrogeochemical science literature, a fact that allows claims of differences between quantities or suggestions of trends that would not be statistically supported if an analysis of errors was completed. Errors in measuring or estimating loads should not be confused with natural variability associated with climate or some other forcing mechanism. For example, McKee et al. [8] reported that sediment loads in the Sacramento River in the Mallard Island cross section varied from 0.3 to 2.6 3 10 6 t/year between WY 1995 and 2003. Most of this variation was associated with interannual weather differences. The reported nine-year average in sediment load was 1.2 6 an error of 0.4 3 10 6 t/year. This error term represented the sum of the errors associated with both the observations and regression analyses. The error estimation method reported by McKee et al. [8] for suspended sediment was modified to account for additional errors associated with determination of Hg T loads. The error associated with reducing the 15-min SSC to daily averages (error A in the formula below), errors in flow measurement (error B), laboratory analysis of SSC (error C), SSC-turbidity regression (error D), and heterogeneity in the cross section at Mallard Island (error E) [8] were accounted for. Three additional sources of errors were accounted for to estimate the Hg T component of the load. The error associated with collection of the sample was set at 67.3% (error F) based on field replicates, and the error associated with laboratory analysis of Hg T was estimated to be 65.7% (error G) based on analytical replicates (see quality assurance section above). The error associated with the Hg-SSC regression was set at 612% (error H), based on flow-weighting the application of the Hg T -SSC regression equations ( Fig. 2a and b) . A total error of 636% for annual Hg T loads was calculated as follows:
RESULTS
Annual flow
Flow in the Sacramento River at Mallard Island is typified by large intra-and interannual variation (Fig. 3) . Greater than 80% of the annual flow occurs between the months of December and May, and the wettest month typically yields 30% of the total annual flow. Annual discharge during the study period of Hg T observations (WY 2002 (WY -2006 ). , and 75 ng/L, which were determined to be outliers of the linear regression between SSC and Hg T . These outliers occurred during three different floods, and there was no reason to reject the data based on quality assurance. The working hypothesis was that the cause of the outliers could have been erosion or resuspension of exceptionally high levels of Hg-contaminated sediments stored near-field in bed, bank, or wetlands deposits. However, other observations (N.K. Ganju, unpublished data) support the conclusion that the water column at the sampling location is well mixed. Alternatively, the anomalously high Hg T concentrations could have been introduced into the sample with plant or invertebrate detritus. While there was no reason to reject these outlier data, there was a possibility that their use would bias the Hg T load calculation unduly. Therefore, the outliers were not used to develop the regression equations (Fig. 2) , to interpolate the data between observations, or to estimate Hg T concentrations and loads for the extended sediment record because they do not represent commonly occurring conditions in the system.
Sediment concentrations
Based on the regression equations ( Fig. 2 ) and the assumption that there are no long-term temporal trends, it was estimated that unfiltered Hg T 
DISCUSSION
The more accurate estimates in the present study of longterm Hg T loads to San Francisco Bay via the Sacramento-San Joaquin River system will help to better inform efforts to mitigate and reduce Hg contamination. The improvements made were achieved by applying a better sediment-loading methodology, a new estimate of suspended sediment load, improved Hg T concentration data collected during large storms, and continuous SSC data as a surrogate for Hg T concentration based on different Hg T -SSC relationships.
The use of the high affinity of Hg T for particles and the measured relationship between Hg T and SSC concentrations allowed for Hg T loads to be estimated using sediment transport, rather than the more commonly used method of approximating pollutant loads by measuring discharge (an easily measured parameter) and multiplying by a pathwayspecific Hg concentration factor. The use of suspended sediment loads that have been directly or indirectly measured to estimate Hg T loads obviates errors associated with the attenuation of eroded sediments (or buffering capacity), which increases with increasing watershed size [30, 31] . The storage of some metals, for example, in the sediments of the fluvial reaches of channels and floodplains is typically 10 to 50%, and as high as 95%, of the magnitude of channel loads [32] . As a result, relying simply upon discharge to estimate Hg loads will result in inaccurate results due to the inability to account for the transport, deposition, and remobilization of Hg contaminated sediments within a watershed under different flow regimes. Even when sediment loads are used to estimate pollutant loads, concentration data are often collected during low-flow periods, in tidal reaches, or in reaches further upstream from the margin of the coastal ecosystem of interest and may not be applicable for load calculations. These uncertainties will be reflected in load estimates and lower confidence in subsequent management initiatives.
Although storage of sediments within large watersheds and associated buffering capacity can be viewed as ecologically beneficial aspects of large river systems, in the case of mercury this may not be accurate. The transformation of labile Hg into methylated forms is a potential consequence of long residence times and storage that might lead to greater bioaccumulation in ecosystems downstream.
Processes of Hg transport
Rainfall-induced river flow causes an increase in both suspended sediment and Hg T concentrations in small and moderate-sized river systems with watershed areas of ,100,000 km 2 [e.g., [33] [34] [35] [36] [37] [38] . These increases occur because of the combined effects of erosion and resuspension of sediment and Hg within the channel [9] and an increased supply of sediment and Hg from outside the channel systems. This additional sediment originating outside the channel can be due to landslide, debris flow, gully, or sheetwash sediment supply [35] , while the Hg can also be derived from contaminated tailings or other mining material [39] , or urban and agricul- tural sources [34, 36] . The spatial and temporal coupling of these processes increases in complexity as watershed size increases. For example, as watershed size increases, so too does the heterogeneity of rainfall, runoff, and snowmelt. In addition, large river systems typically have heterogeneous land uses that include large areas of agriculture and patches of urban, industrial, and mining areas. These systems also usually have floodplains or deltas and are often managed to provide flood protection and water for irrigation and municipal water supplies. These factors combine to confound typical rainfallrunoff relationships found in smaller river watersheds, as well as the quantification of processes related to water flow, sediment transport, and contaminant cycling. Despite these confounding factors in larger watersheds, a strong relationship exists between SSC and unfiltered Hg T in the Sacramento-San Joaquin River system, as has previously been described in many of the smaller watersheds [35] . However, unlike many of the studies of small river watersheds, the relationship changed depending on the flow regime. As shown in Figure 2 , particles mobilized during the larger discharge events (above 4,200 m 3 /s) had 1.9 times higher ( p , 0.001, t test) Hg T concentrations normalized to SSC than those transported at lower flows (below 4,200 m 3 /s). During storms that induce moderate flows, the data suggest that the Hg T load in the system is dominated by urban and agricultural sources. At increased flows above a threshold, which appears to be roughly 4,200 m 3 /s, proportionally greater levels of Hgcontaminated particles derived from historic mining sources in the watershed [9] are transported through the system mixing with the less contaminated urban-and agricultural-derived particles [40] .
Another relationship between SSC and unfiltered Hg T was found to exist for tidally derived high salinity water masses flowing inland from Suisun Bay. These waters had moderate levels of Hg-contaminated particles with an average Hg T /SSC ratio of 0.29 mg/kg that were mobilized landward by tidal currents during low flows. This observation appears consistent with previous discussions of the distribution of contaminated sediments in the Bay-Delta system and the notion that the largest and most contaminated mass of sediment passed into San Francisco Bay many decades ago [41] .
Magnitude of annual loads
Management of sensitive coastal systems requires the determination of river contaminant loads with an accuracy that enables comparisons to other mass inputs, a situation that is confounded by limited data and methodologies for data collection and interpretation. The present study estimates that the average annual Hg T load entering San Francisco Bay via the Sacramento-San Joaquin River (260 6 94 kg) is less than half of the previous estimates. The variation in Hg T loads reported does not reflect changes in the Sacramento-San Joaquin River or Delta, but rather improvements in sediment load data and Hg T concentrations that have lead to an improved understanding of Hg T transport.
In 1979, Krone estimated a sediment load of 3 3 10 6 t for the Sacramento-San Joaquin River (http://www.estuaryarchive. org/archive/conomos_1979). This calculated load is substantially higher than actual contemporary sediment loads for two reasons. First, suspended sediment loads in the Sacramento River decreased by one half from 1957 to 2001 (http://repositories. cdlib.org/jmie/sfews/vol2/iss2/art2), and second, Krone's original estimate relied upon the incorrect assumption that no sediment was stored within the Delta [42] . Using improved methods for measuring and calculating suspended sediment loads, McKee et al. [8] recently reported a 9-year average suspended sediment load for the Sacramento-San Joaquin River of 1.2 3 10 6 6 0.4 3 10 6 t. Similarly, the Hg T concentration data for water and suspended sediment of the Sacramento-San Joaquin River required to accurately estimate Hg T loads have only recently been collected. Prior to 2000, the only measurements of Hg T in this river system were collected either upstream of the Delta during floods [13, 14] or during low river flow at the head of the estuary [17, 43] . Although previous studies [9, 14] have documented the amount of Hg T transported down Cache Creek and the Sacramento River, the present study is the first to provide estimates of Hg T loads entering San Francisco Bay via the Sacramento-San Joaquin River over multiple years and under a range of climatic extremes and different flow regimes.
The factors that underpin the improved Hg T loads calculated in the present study were as follows: the collection of unfiltered Hg T during storms when the majority of Hg is transported in the particulate phase; improved estimates of suspended sediment load [8] ; and the use of continuous SSC data as a surrogate for Hg T based on the sediment and Hg T relations. The methods presented here are applicable to other large watersheds, and if applied elsewhere would likely facilitate more effective management of Hg in sensitive coastal ecosystems.
Comparison to other studies
Unfiltered Hg T concentrations measured in the Sacramento-San Joaquin River at Mallard Island during this fiveyear study (3.2 to 75 ng/L) were similar in magnitude to those reported previously for rivers in the Central Valley of California [13, 40] , although method and site-specific differences contribute to some variation. Gill and Bruland [44] reported a Hg T concentration of 4.6 ng/L for the Sacramento River at Freeport. Roth et al. [45] found Hg T concentrations ranging from the detection limit to 81 ng/L between Shasta Dam and Freeport. Foe and Croyle [13] described unfiltered Hg T concentrations in the Sacramento River between 2.4 and 87 ng/L and in the Yolo Bypass between 7.2 and 700 ng/L. Domagalski [40] reported concentrations of 2.0 to 18 ng/L throughout the Sacramento River Basin and a mean of 30 ng/L for the Yolo Bypass. In a later study by Domagalski [14] , concentrations of 2.6 to 11 ng/L and 17 to 20 ng/L were measured throughout the Sacramento River Basin and Yolo Bypass, respectively, with the highest concentrations at a site downstream of a historic mining area. Conaway et al. [17] reported Hg T concentrations of 1.2 to 46 ng/L in the North Bay and the lower end of the Sacramento and the San Joaquin Rivers, and Choe et al. [18] found Hg T concentrations ranging from 4.0 to 20 ng/L also in the northern part of San Francisco Bay.
A comparison of yield estimates (annual amount of Hg load normalized to watershed area) from the Sacramento-San Joaquin Delta with other large river systems in the world suggests that Hg contamination averaged across the entire Sacramento watershed (154,000 km 2 ) is relatively low (1.7 g/km 2 /year). However, this could be attributed to the hydrological modifications that were made to the rivers over the past 50 years. The size of the watershed actively contributing to the loads measured at Mallard Island would be much smaller than 154,000 km reservoirs retain water from the river and also trap sediment and particle-bound contaminants behind the dams. Currently no estimate is available that quantifies the watershed area upstream of these reservoirs. If only the area below all reservoirs is considered, as this is the effective area contributing to Hg loads in Delta outflow, Hg contamination in this watershed becomes more severe relative to other systems of similar size but with fewer reservoirs.
Sources of Hg in the watershed
The sources of Hg in the watershed of large rivers, such as the Sacramento River, can include the natural or anthropogenically enhanced erosion of Hg-bearing soils and rocks, mining, long-range atmospheric deposition, local atmospheric deposition from fossil fuel combustion, or chemicals from agricultural, urban, and industrial runoff [46] . Whether the sources are anthropogenic or naturally occurring is an important consideration with respect to remediation. As mentioned earlier, historic Hg and gold mining districts are an important source of the particle-bound Hg that has been stored in the watershed for decades [9] . On the west side of the Sacramento Valley, where historic Hg mines are abundant, Foe and Croyle [13] showed that the Cache Creek watershed, although covering only 4% of the Sacramento River watershed, can contribute as much as 50% of the annual Hg T load that is transported downstream into the Sacramento River via the Yolo Bypass. Flows in the Yolo Bypass are therefore heavily influenced by runoff from historic Hg mining areas. The hydrographs for the Sacramento River, the Yolo Bypass, and the calculated total Delta outflow (Fig. 5 ) indicate that at a total Delta outflow of 4,200 m 3 /s, the Yolo Bypass contributes approximately 50% of the total flow passing through the Mallard Island cross section. When flows from the Yolo Bypass exceeded flows in the Sacramento River, the signal of more contaminated particles from the Hg mining region became apparent. This suggests that contaminated sediments, transported from the Coast Range mercury mines into the Yolo Bypass, contribute to increased Hg T loads to the Bay during large storms with higher flows.
Atmospheric deposition can be an important source of the mercury that is transported by rivers to coastal aquatic ecosystems. For example, direct wet deposition to tributaries was estimated to contribute more than half of the Hg entering Chesapeake Bay [47] . Previous studies measured wet and dry deposition in the San Francisco Bay area and estimated an average wet deposition of approximately 4.4 g/km 2 /year [48] . If this rate would apply to the entire Sacramento-San Joaquin watershed, a maximum of 650 kg of Hg would be deposited through rainfall during a year. If an estimate of dry deposition is included as well (e.g., 19 g/km 2 /year) [49] , the estimate of total atmospheric Hg input could theoretically be as high as 3,600 kg, although the losses via evasion and retention during transport from upland systems to riparian systems are not known. Thus, it appears that measured riverine loads may be as little as 7% of total atmospheric deposition, a finding that is consistent with previous studies [50] . Evidence from other studies [3] also indicates that Hg from atmospheric deposition is a significant source in relatively pristine, nonindustrialized basins in the Sierra Nevada Mountain Range, on the east side of the Sacramento River Basin. Thus, despite a history of Hg mining and use of Hg in gold extraction, it is possible that atmospheric deposition is a large source of Hg transported by the Sacramento River past Mallard Island.
Mercury exports from small to moderate-sized agricultural watersheds, where sources include natural soil Hg, atmospheric deposition, application of agricultural chemicals, and minor or moderate urban sources (and not extensive mining activity), appear to vary from 0.3 to 6.4 g/km 2 /year (average of 2 g/km 2 /year). Applying the average of this range to the Sacramento River system yields an annual average load of 310 kg (range 46 to 990 kg) compared to the 260 kg measured in the present study. It may be appropriate to apply the lower end of the range given the argument above that large river systems would likely store a greater mass of sediment and Hg in channels and floodplains. In any case, it appears a large component of the total annual average load may be accounted for by urban and nonurban runoff, municipal and industrial wastewater, and farming sources that are typical of other mixed land use watersheds [51, 52] . If this is true, then cleanup of sites contaminated by mining activities, despite being a potentially controllable source, may have little impact on Hg T loads at the bottom of the watershed.
At the watershed scale, sources conceptually thought of as separate likely intermingle to form the downstream loads that occur during floods. De Oliveira et al. [53] discussed the role of biogeochemical cycles in retaining and releasing Hg in soils, and the role of deforestation, forest fires, and other human perturbations in land use on the mobilization or remobilization of Hg for the Amazon River basin in northern Brazil. Similar processes probably occur in California, where extensive Hg and gold mining occurred throughout much of the watershed. A great amount of this Hg was likely released to the atmosphere, deposited widely across the region, retained by soils, and eventually released to air and surface waters again through forest fires, deforestation, and other natural processes and anthropogenic activities.
Future trends
Predicting future trends in Hg T loads for the SacramentoSan Joaquin River and other large river systems will require predicting changes in Hg sources and transport pathways. Global climate change must also be considered when predicting future Hg T loads due to its potential to influence factors ranging from precipitation to atmospheric transport of Hg. Predictions for the effect of global climate change on precipitation and other factors in California are currently [54, 55] . Many predictions suggest that warming will result in increased runoff in the winter and decreased spring and summer runoff. This is expected to be accompanied by greater snow pack accumulation at higher elevations in the Cascade and Sierra Nevada Mountain Range in California but earlier snowmelt [56] . In addition, the state will possibly see an increase in overall precipitation [57, 58] , and a larger fraction of precipitation is expected to occur as rain at the expense of snow. The combined effect of these would likely be larger and more frequent floods during the winter rainy season. Warmer, highintensity storms, like the one observed in January 2006, will cause high flows in the Sacramento watershed, resulting in increased erosion of contaminated sediment and Hg loads to San Francisco Bay.
Additionally, tide gauges in San Francisco Bay have indicated rising sea levels since 1950 which has been attributed to the thermal expansion of the oceans in combination with the melting of the ice caps [59] . Flick et al. [60] estimated a sea level rise of 2.4 mm/year for the 20th century while Ryan and Noble [61] estimated it to be 1.9 mm/year. Continuing rising sea levels associated with winter storms would likely result in a drastic increase in the hydrostatic pressures exerted on the levees and consequent levee failures (http://repositories.cdlib.org/jmie/ sfews/vol3/iss1/art5), and also floods that fill floodplains and create more temporary wetlands. A steady supply of Hg from the Sacramento River to these seasonal wetlands could combine with increased rates of microbial activity to cause increased methylmercury production and accumulation in the food web [62] .
Implications for management
The results from the present study can be combined with information on other important Hg sources to provide improved estimates of Hg T loads to San Francisco Bay. This, in turn, will provide a better foundation for the management of Hg contamination in the Bay. In 2000, the Hg load from the Sacramento River watershed was estimated to contribute 73% of the allochthonous load to the Bay annually. The Hg T loads from the Sacramento-San Joaquin River presented here are substantially lower (20% of the allochthonous load to the Bay) than those previously estimated. These improved Hg T loads suggest that the Sacramento-San Joaquin River is not the overwhelmingly dominant source of Hg T to the Bay as was once believed [17] . The anticipated paradigm shift these improved Hg T load measurements will precipitate will undoubtedly have a major influence on efforts to reduce Hg T loads and mitigate Hg toxicity in the Bay Area. With an increased focus on smaller watersheds, similar levels of analysis may be necessary for other large river systems of the world that could have similar impacts to management elsewhere.
